. Capacitive load driver circuits with particular application to piezoelectric actuators (PZTs) often requires a large output voltage swing of up to several hundred volts. Possible ways of driving PZT actuators include voltage supplies and charge pumps [7] [8] [9] with different characteristics [10] [11] [12] .
Piezoelectric transducers exhibit less hysteresis when driven by current or charge than when driven by voltage [13] . As discussed in [13] and references therein, due to the uncontrolled nature of the output voltage, circuit offsets generally lead to the load capacitor being charged up. Saturation and distortion occur when the output voltage reaches the power supply rails.
1549-8328/$25.00 © 2008 IEEE The stated complexity invariably refers to additional circuitry required to avoid charging of the capacitor. A popular method is to short the loading circuit, or periodically discharge the loading capacitance and reset the DC voltage to ground during handling. The resulting loads induce undesirable high-frequency disturbance, and significantly distort the control signal that is applied to the piezoelectric load. The noise generation is an undesirable attribute of most charge or current amplifiers. Unwanted noise can incur various problems.
The PZT actuator applied in precision machineries such as the impact drive mechanism (IDM) [14] requires a highly precise dynamic response. The driving circuit should account for also the wide operational bandwidth required in the feedback control loop. Huang [10] attempted to drive a PZT actuator using a battery charger. Their PWM-based system can only yield a step response time of slightly less than 4 ms, since the frequency of their PWM switch is merely tens of kilohertz, which is not sufficient for controlling the PZT dynamics. Although the merchant amplifying instrument, which is a TREK 601C (TREK INC., America), meets a specification of output 500 V, it has an operational bandwidth of only 10 kHz.
This work proposes an amplifier topology that provides greater flexibility and wider bandwidth than those that rely on high-voltage op-amps. This amplifying circuit presents a voltage gain of approximately 100, an output swing of 200 V and an operational bandwidth of around 100 kHz. This circuit, which comprises floating isolation amplifiers and power amplifiers, can achieve a high dc gain and high output swing. Furthermore, the power is distributed averagely among individual sub-amplifiers, thus maximizing the total power output.
II. DIFFERENTIAL AMPLIFIER
The differential gain of the operational amplifier (opamp) is given by (1) where denotes the 3 dB cutoff frequency. Providing a bias voltage on the power supply , the output voltage of the difference amplifier, as illustrated in Fig. 1 , is expressed as (2) The bandwidth of the difference amplifier is derived from (2) for (3) If , then the output voltage swing is bounded by the power supply, i.e.,
. As illustrated in Fig. 2(a) , the dotted line indicating the output signal is bounded by solid lines indicating power supply voltages. Conversely, the supply voltages may be varied, i.e., , to yield different output signals as indicated in Fig. 2(b) . Such a power supply providing output voltage is called the floating power supply (FPS). An op-amp feedback application should always be restricted by a constant-gain-bandwidth product [15] . According to (3), the difference amplifier has a large close-loop bandwidth ( ) corresponding to a small close-loop voltage gain ( ). The restriction is in contrast to the PZT actuator application, which must satisfy simultaneously the requirements of wide bandwidth and large voltage gain.
A. The Isolated Floating Difference Amplifier (IFDA)
A difference amplifier using floating power supplies can generate sufficiently large output signal with respect to the ground as shown in Fig. 2(b) . Such an amplifier structure may comprise an isolation amplifier, and a difference amplifier with floating power supplies called the isolated floating difference amplifier (IFDA), as illustrated in Fig. 3 . Providing the differential gain of the isolation amplifier and the bias voltage of the isolation amplifier , the differential outputs of the isolation amplifier may be obtained where
The isolation amplifier imposes a bias voltage on the input signal of difference amplifier. The biased input signal is then The voltage difference between the differential outputs is then determined as follows: input of the level-BIFDA. According to (7), the output voltage of level is given by for (8) where the superscript denotes the level. The bias voltage inputs of the first level are connected to the ground. Therefore, the output from level is given by
The 3-dB cutoff frequency (bandwidth) of the MBIFDA is obtained from (9), (10) where represents the bandwidth of of the isolation amplifier and is a constant value. Hence, it is reasonable to choose .
III. ANALYSIS OF CAPACTIVE LOADING
Compared to (5), (9) depicts the additive relation of the outputs on each level of a MBIFDA. The analysis of MBIFDA can be simplified into a superposition of difference amplifiers. Fig. 6 illustrates the equivalent circuit of a difference amplifier with capacitive loading. In the circuit, identical capacitors are added to individual terminals of the difference amplifier to filter out the line noise. The transfer function described in Fig. 6 can be derived as (11) The result could be complicated. For simplicity, the following analysis is provided in the Appendix. The transfer function between the output and input voltage may be expressed as follows. (12) where The above transfer function yields four poles and three zeros. The effect of and is discussed in Section IV.
IV. RESULTS AND COMPARISONS
The power amplifier adopted in this work is LM-4700 (National Semiconductor Corp.). Following LM-4700 specification, the open loop voltage gain is dB, and gain-bandwidth product is typically 7.5 MHz. By observing the open loop frequency response given in the datasheet and determined from the gain-bandwidth product, the 3-dB cutoff frequency is obtained as rad/s. The maximum output power that can be delivered into the load is 30 W. The isolation amplifier is HCPL-7800 (Agilent Technologies, Inc), which adopts the dc gain and a bandwidth rad s. The difference amplifier adopts the specification of k , , and pF. Equation (3) confirms that the bandwidth of the difference amplifier is rad s. Additionally, (10) demonstrates that the bandwidth of the MBIFDA is 628.3 rad/s (100 kHz). Six levels, i.e., , are used to implement the MBIFDA, and .
A. Matlab Simulation for the Capacitive Loading
Equation (12) can conveniently be adopted to verify the frequency response for different capacitive loadings. Fig. 7 illustrates the root locus of for different . Fig. 7 (a) illustrates the closed loop poles of the transfer function, which tend to approach the imaginary axis as increases (or decreases). Thus, the system becomes oscillating with large capacitive loading. Fig. 7(b) indicates that the root locus can be pulled away from the imaginary axis when a nonzero capacitance is introduced into the difference amplifier. However, a larger eventually destabilizes the system, as indicated in Fig. 7(c) , where the filter capacitance not only filters the signal, but also play a critical rule in maintaining the stability of the system. Fig. 8 illustrates the frequency response using the aforementioned specification pF. In Fig. 8 , the bandwidth decreases as the capacitive loading increases, which is consistent with Fig. 7 , where the dominant poles approach the imaginary axis as increases. Fig. 9 (a) illustrates the experiment setup, which comprises a function generator, an oscilloscope and a differential probe to measure the frequency response. Fig. 9(b) illustrates the six outputs on individual levels of the MBIFSA with respect to the given sinusoidal inputs. Fig. 10 illustrates the experimental results of outputs on individual levels of MBIFDA derive from the no-load test. The dc gains from the experiments are almost identical to the theoretical values obtained from (8) . (13) The dc gains at level are obtained from (13) as dB. The bandwidth ( kHz) from the experiment is varied by 9% compared to the theoretical bandwidth rad/s (100 kHz). Fig. 11 illustrates the experimental results for different capacitive loadings. The experiments results yield larger resonance peak values and narrower bandwidths than the simulation result, implying that the dominant poles of the MBIFDA occurred in the experiment are closer to the imaginary axis than that of the theoretical result in (12) . Such differences may result from the inaccuracy of the resistance and capacitance utilized in the experiment, and the differential probe poses a capacitance of nearly 10 pF. These experiments using a six-level arrangement show a bandwidth of 100 kHz with an output swing of around V.
B. Experimental Results

V. CONCLUSION
This work presents a multilevel balanced isolated floating difference amplifier (MBIFDA). Such an amplifier is appropriate for applications with high capacitive load and large 
